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Abstract 


Introduction. The combined effect on the phase transformation process, involving a combination of heat treatment and 
external action, is a major technology solution for obtaining the required properties of steel products. When hardening 
steel in a constant magnetic field with a strength of 1-2 MA/m, martensite formation is observed at higher temperatures. 
In addition, when compared to conventional hardening, there are changes in structure and properties. Such effects cannot 
be explained only in terms of thermodynamics, since the expected shift in the equilibrium temperature between austenite 
and martensite in a magnetic field of such strength does not exceed 4—-8°C. To explain the effects that occur during 
hardening in a magnetic field, it is proposed to consider the features of martensitic transformation in highspeed steel when 
exposed to an external magnetic field in the temperature range of austenite superplasticity. This research was aimed at 
identifying the features of martensitic transformation in the presence of a constant magnetic field in steel with account 
for the phenomena occurring in the premartensitic state. 

Materials and Methods. Samples made of steel R6MS5 were used. Characteristics of the martensitic transformation were 
studied using the potentiometric method of electrical resistance. The data were recorded using an L-CARD E14-440 
analog-to-digital converter with the LGraph2 software package. The sample was heated by passing current. The sample 
was placed in the interpolar space of an open-type laboratory electromagnet FL-1, which provided the creation of a 
magnetic field with a strength of 1.2 MA/m. 

Results. The obtained differentiated dependences were characterized by electrical resistance anomalies (low-temperature peaks) 
at a temperature corresponding to the appearance of a ferromagnetic phase as a result of martensitic transformation. In a 
magnetic field, the development of martensitic transformation began at a higher temperature, which could not be explained in 
terms of thermodynamics. Thus, the formation of stress martensite was observed in microvolumes of austenite with 
ferromagnetic ordering, which perceived the energy of the external field through magnetostrictive stresses. Under conditions of 
superplastic austenite, such stresses were sufficient to initiate shear transformation. The minimum possible size of lattice 
instability fluctuations (1.372 nm) was determined. 

Discussion and Conclusion. Exposure to a magnetic field under hardening intensified the processes of some magnetic 
decomposition of austenite. At temperatures close to the beginning of the martensitic transformation, the existing areas 
of magnetic inhomogeneity were superimposed on the effects of the phenomenon of instability of the crystal lattice. In 
the temperature range Mz-M,, when austenite exhibited superplasticity, the formation of stress martensite in microvolumes 
of austenite with ferromagnetic ordering was significantly facilitated. 
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AHHOTalna 

Beedenue. KomOunuposanhoe BuIMAHHe Ha Wporecc asoBoro MpeBpall[eHuA, mpesnMosaraoujee CoueTaHve TepMM4eCcKOoH 
oOpaOoTKH C BHELIHHM BO3]{eHCTBHEM, ABJIACTCA AKTYAJIBHBIM TEXHOJIOTMYCCKHM PeIeCHHeM JVIA MOJYA4eHHA HEOOXOAMMBIX 
CBOMCTB cTaIbHOM mpoyyKuMu. IIpu 3akanKe cTasIw B MOCTOAHHOM MarHHTHOM Tose HalpsKeHHocTEIO 1-2 MA/M 
HaOjoJaeTca OOpa30BaHve MapTeHcuta pH Oosee BLICOKHX TemMIepaTypax. IlomuMo 9TOrO, MO cpaBHeHHIO c OOBMHOM 
3aKaJIKOM, MIPOHCXOJAT H3MeCHCHHA B CTpyKType u cBolicTBax. HloyqoOubIe addeKTEI He MOryT OOBACHATBCA TOJIBKO C 
TePMOJMHAMMYeCKHX MO3HUMH, Tak KaK TpequosaraeMblii CABHr TeMIepaTypbl paBHOBeCHA Mey ayCTeHHTOM HU 
MapTeHCHTOM B MarHHTHOM ToJIe TaKOM HallpmKeHHOCTH He MpeBpuuaetT 4-8 °C. JIna oObacHenua acpdexros, 


BO3HHKaIOWHX IIpH 3aKasike B MaTHUTHOM Moule, lpeylaraeTcA paCCMOTpeTb OCOOCHHOCTH MapTeHCHTHOLO ipeBpallleHHsA B 
ObICTpOpexKyLlei CTaIIM IIpH BO3AeHCTBHM BHELIHHM MarHHTHBIM IOJIeM B TeMIIepaTypHOM HHTepBasie CBepXxIIaCTHYHOCTH 
ayctennta. Llenbro WaHHoi paOoTbI cTaIO BbIABIIeHHe OCOOeHHOCTeli MapTeHCHTHOTO IIpeBpallleHHa B TIPHCyTCTBHM 
MOCTOAHHOTO MarHUTHOTLO MOJIA B CTA C YYCTOM ABJICHHM, BOSHHKaIOWMX B IIpeMapTeHCHTHOM COCTOAHHMH. 
Mamepuaaot u memoooi. VUctionb30Banucb oOpa3tibl cTasm Mapxu P6M5. UccneqoBanue ocobeHHocTeli MapTeHCHTHOTO 
TIpeBpalleHuA OCYLICCTBIAIH MOTCHIMOMeTpHYecKHM MeTOAOM 3JIeKTpoconpoTuBseHua. JlaHHble (PHKCHpOBaJIHCh C 
TOMOIMIbIO aHasloro-l[u@poporo mpeodpa3opatena L-CARD E14-440 c  ucnonb30BaHvem mporpaMMHoro 
Komiiexca LGraph2. Harpes oOpa3yja MpoBoAMsICA MpOXOWALJHM TOKOM. OOpa3ell pa3Melaicd B Me€KITOJIIOCHOM 
TIpoctpaHctTBe saOopaTopHoro 3IeKTpOMarHuta OTKpbITorO Tua DJI-1, KoToppii oOecne4nMBal Co3sqaHHe MarHuTHOrO 
TOJIA Hatips»KeHHOCTHIO 1,2 MA/M. 

Pe3yiemamoet ucciedosanua. Ha nomyyenubix uddepeHuMpoBaHHbIx 3aBHCHMOCTAX IIPHCyTCTBOBaIM aHOMaJIMH 
3JIEKTPOCOMpOTHBIIeHHA (HH3KOTeMIepaTypHble MHKH) pH TemMMepatType, COOTBeTCTBYIOWIeH  MOABJICHHIO 
(beppoMarHUTHOH a3bl B pe3syIbTaTe MapTeHCHTHOrO MpeBpalweHus. B MarHHTHOM Hose pa3BuTHe MapTeHCHTHOTO 
IipeBpalleHuaA HAYHHaeTcA Ip OosIee BLICOKOM TeMIepatype, UTO He MOXKeT HaliTH OOBACHEHHA C TePMOAMHAMMYeCKHX 
mo3sHyHuH. Takum oOpa30m, HaOs1oqamM oOpa30BaHve MapTeHCHTa Hallps»KeHHA B MHKpOOOBeMaX ayCTeHHTa Cc 
(beppOMarHUTHBIM yIOpAOUeHHeM, KOTOPbIe BOCIIPHHUMAIOT IHEPIHio BHEIHETO MOA Yepe3 MarHHTOCTPHKUMOHHbIC 
HallpsKeHua. B ycNOBHAX CBepxIWIaCTHYHOrO ayCTeHHTa Take Hallps9KeHHA OKa3bIBaIOTCA JOCTATOUHBIMH JIA 
MHHUMMpoBaHHA CBHTOBOrO UpeBpalljeHua. OmnpeyeseH MHHMMaIbHO BO3MOX%KHBIM pa3sMep  (plyKTyalHi 
HeyCTOM4MBOCTH peweTKH (1,372 HM). 

O6cystcoenue u 3akiiouenue. Bo3yevicTBue MarHUTHbIM TOJIeM Ip 3akasIke MpHBOAMT K YCHJICHHIO TIpOleccoB 
cBoeoOpa3sHoro MarHHTHOrO paccioeHua aycTeHuta. IIpu tTemnepatypax, Omu3KHx K Hayally MapTeHCHTHOrO 
TipeppalleHua, UMerloljHecd OONaCTH MarHHTHOM HeOAHOpOAHOCTH HakslafbIBaloTcA Ha 9deKTbl OT ABJICHHA 
HeYCTOMYMBOCTH KpHCTaIM4eCKON PeLIeTKH epey, MapTeHCHTHBIM IIpeBpatteHHem. B TemrepaTypHoM uHTepBasie M,- 
M,, Koryla ayCTeHUT IpoOsABIIAeT CBEPXIIaCTHYHOCTS, CYLIeECTBeEHHO OOsIeruaeTca OOpa3z0BaHHe MapTeHCHTa Halps.KeHHA 
B MHKpooObemax aycTeHHTa c (beppoMarHHTHBIM ynopsaqOueHHeM. 


Kunrouesbie CJI0Ba: MapTeCHCHT HallpsKCHHA, MarHHTHOe NOI, CBepXIWIaCTHAHOCTS, HeyCTOM4MBOCTB pewueTKH, CTaJIb, 3aKasIKa 


BuaarogxapHocrn. ABTOpBI BbIparKaroT OlaroyqapHOcTh peleH3eHTaM, 4WbA KPHTHYVeCKaA OWeCHKa IipeACTaBsICHHbIxX 
MaTepHaJIOB HW BbICKa3aHHble MpeTIO%KCHHA NO UX COBCpIICHCTBOBAHHHAO, cnocoOcTBOoBasH 3HaYHTCJIBHOMY IIOBbILICHHFO 
KauyecTBa HacToslmel CTaTbH. 


Asia unTHpopanna: Jlonrayes IO.B., ycrosoiit B.H., Beppuropos 1O.M. 3apoxyqenve MapTeHcHTa HallpKeHHA B COCTOAHHM 
TIpeyMapTeHcHTHOH HeycTowuMBoctH perlierKH. Advanced Engineering Research (Rostov-on-Don). 2024;24(1):58—65. 
https://doi.org/10.23947/2687-1653-2024-24-1-58-65 


Introduction. Before starting the martensitic transformation, instability of the crystal lattice is detected in metals and 
alloys [1] expressed in a specific premartensitic state of the initial lattice [2]. The thermodynamic analysis of the state of 
the initial phase before point M, [3] shows the possibility of the emergence of separate micro regions having their own 
short-range ordering in the arrangement of atoms. Such micro regions retain their atomic order only near the fluctuation 
nucleus. At a distance from it, there are no obvious boundaries between phases, the order gradually degrades. The 
experimentally described micro regions manifest themselves in the form of diffusion scattering effects during X-ray 
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diffraction. The presence of regions with a near atomic order explains the decrease in elastic constants near point M, and 
the convergence of structures [4] involved in the phase transformation. 

In the case where an applied external stress is present, the martensitic transformation can be initiated by deformation 
at a temperature above point M,. The maximum temperature at which the deformation of the initial phase causes the 
formation of martensite is indicated by point Mz. It has been found [5] that a maximum of plasticity is observed in the 
temperature range My — M,, which is due to the manifestation of superplasticity associated with the hardening transition. 
The imposition of a constant magnetic field under these conditions causes the appearance of forced magnetostriction and 
corresponding stresses in the austenite nanodomains having a ferromagnetic order [6], which induces the appearance of 
crystals of the hardening phase called stress martensite (by analogy with deformation martensite) [7]. The imposition of 
a constant magnetic field changes the initial magnetic state of austenite [8], increasing the number and size of 
ferromagnetically ordered clusters, which are possible sites of nucleation of the ferromagnetic a-phase [6]. Thus, in the 
temperature range M,—M,, the integration of magnetic and a number of special structural states occurs, which is 
undoubtedly of interest to investigate. 

This research was aimed at studying the features of martensitic transformation in the presence of a constant magnetic 
field in steel taking into account the phenomena occurring in the premartensitic state. 

Materials and Methods. In the course of the research, samples of steel P6M5 were used, for which there was 
information about the development of superplasticity [5] associated with phase transformation [9]. The chemical 
composition was monitored using a Q8Magellan optical emission spectrometer (Bruker). The average composition of 
samples from one melt is shown in Table 1. 

Table 1 


Average content of elements in samples, % 


To analyze the course of hardening transformation without a field and with the imposition of a magnetic field, the 
potentiometric method of resistometry was used [10], since changes in the alloy structure were reflected in the measured 
values p with a fairly high sensitivity. And although it is difficult to quantify the relationships between the transforming 
phases, the establishment of the start and finish points of the transition can be done quite accurately. The applied method 
is highly sensitive to the appearance of a ferromagnetic phase (during phase transformations of the Ist or 2nd kind), which 
is shown in abnormal behavior on curve p due to electronic interactions at “s” and “d” sublevels [11] determining the 
presence of spontaneous magnetization [12]. 

An S-type thermocouple (PTC) was used as a temperature sensor. The thermocouple was spot-welded in the central 
part of the sample to a single point to eliminate the occurrence of side stresses under separate welding due to the passage 
of current through the sample during measurement. The data was recorded using an analog-to-digital converter L-CARD 
E14—440 and the LGraph2 software package. The sample was heated by passing current from the RNO-250—5 
autotransformer. 

The sample was placed in an interpolar space (Fig. 1). An open-type electromagnet (FL-1) provided the generation of 
a magnetic field with a strength of 1.2 MA/m. When conducting the experiment without a field, the power supply of the 
electromagnet was turned off, and the poles were bridged with an ARMCO-iron plate. 


A 


Fig. 1. Sample with connected copper contacts in the interpolar space of the magnet 
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The experimental data (p(t) and 7(t) in Fig. 2), recorded with a sampling rate of 400 kHz, were numerically 
differentiated and approximated to obtain function dp/d7(7), which reflected the characteristic anomalies when a 
ferromagnetic phase appeared. 

Research Results. Primary dependences p(t) and 7(t) shown in Figure 2 already demonstrate the shift of anomalies, 
corresponding to the phase transformation, to the high-temperature region when a constant magnetic field is applied. 


T, °C p, nOhm-m Y ies ©: p, nOhm-m 
800 800 800 800 
600 600 600 600 
400 400 400 400 
200 200 200 200 
0 2 4 T, min 0 2 4 tT, min 
T T 
a en) === f— 
a) b) 


Fig. 2. Dependences p(t) and T(t) for steel P6M5 under cooling: 
a — without field; 5 — in magnetic field of 1.2 MA/m 


According to the reference data [13], for samples of steel P6MS corresponding to the chemical composition indicated 
in Table 1, temperature of 140°C corresponds to the initiation of the martensitic transformation. This is confirmed by the 
data obtained as a result of differentiation in Figure 3, which illustrate the characteristic features of the analyzed 
transformation. 

The formation of a ferromagnetic phase corresponds to the appearance of a peak at low temperatures (Fig. 3), which 
makes it possible to record the start of the martensitic reaction. In the case of treatment with the imposition of a magnetic 
field, the start of the formation of the martensitic phase is noted at a temperature of 185°C, which cannot be explained 
solely from the point of view of changes in the thermodynamic potentials of the phases. For a magnetic field with a 
strength of 1.2 MA/m, the effect of the equilibrium temperature shift is ~ 4.5°C [14]. It can be argued that the imposition 
of a magnetic field in the temperature range of superplasticity causes the formation of stress martensite higher than the 
starting point of transformation known for this steel as a result of forced magnetostriction in nanodomains with a near 
magnetic order in austenite. In this case, the stresses arising in the austenitic matrix are about 10 MPa [15], which, under 
conditions of the crystal lattice instability, contributes to the initiation of a phase reaction. 
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Fig. 3. Results of differentiation of experimental data obtained under cooling of steel P6MS: 
1 — without a field; 2 — in a magnetic field with a strength of 1.2 MA/m 


The phenomenon associated with the occurrence of instability of the crystal lattice of the initial phase, as it approaches 
the transition point, is reflected in the differentiated dependences in the form of a peak in the high-temperature area of the 
curve. The appearance of this peak under cooling indicates the approach of the superplastic state of austenite. The effect 
of an external magnetic field enhances the magnetic decomposition of austenite [8], contributing to an increase in the 
number and size of ferromagnetic nanoclusters [15], which causes a shift of this peak to higher temperatures. Anisotropic 
fields arise in local regions with unidirectional spins. They introduce elastic distortions due to the fact that the 
magnetization energy differs in different directions — this reduces the stability of y-phase lattice. The average diameter 
of a ferromagnetic nanocluster determined in [8] is about 1.7 nm for a given field strength, which is comparable to the 
wavelengths of electrons. It can deflect them and, accordingly, cause distortions in the curves. The results obtained 
indicate the presence of heterogeneity in the magnetic state of austenite, and that this heterogeneity increases when an 
external magnetic field is applied. 

The transformation under hardening is characterized by a diffusionless shear mechanism of atomic restructuring; 
therefore, external action increases the driving force of the transition. In a state where the lattice of the initial phase 
becomes unstable before point 4, spontaneous atomic displacements occur in local regions (preparing the lattice for ya 
transition), where magnetostrictive stresses can act as a trigger for the start of the transformation. 
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The conditions describing the possibility of fluctuations of atomic displacements in the premartensitic state were 
considered in [16]. The type of function, whose minimum corresponded to the transition state, was derived on the basis 
of diffuse scattering patterns and existing options for restructuring the crystal lattice. Oscillation frequencies and 
anharmonicity parameters were expressed in terms of elastic modulus, whose values determined the adjustment option. 

The analysis suggests that micro regions of atomic displacements are shaped like plates of densely packed planes that 
can experience shear. The expression for estimating the minimum possible fluctuation size H can be derived using matrix 


=), ' 
may (1) 
2c'+Ca4 


where d — interplanar spacing; c’ = 1/2(ci1 — c12) — elastic constant; c11, C12, c44 — elastic coefficients. 

Values for calculation according to formula (1) were selected for the temperature of martensitic transformation in steel 
P6MS. Lattice constant a was estimated taking into account the instructions in [17]. The interplanar spacing was 
determined for the case of a FCC lattice, when the first reflecting planes were a family of planes {111}, having the 


elasticity coefficients: 


maximum interplanar spacing d = “ =21A. Based on the data on the elastic characteristics of steel P6MS5 [9], the 


3 


elasticity coefficients and constant were determined through known ratios [18]. The calculation results based on 
dependence (1) allow us to estimate the minimum diameter of the region where instability H =1.372 nm may occur, 


which is commensurate with the average diameter of a ferromagnetic cluster in austenite. 

Discussion and Conclusion. The following script for the development of martensitic transformation can be assumed. 
Above point M, in y-phase, there are regions with ferromagnetic ordering [15]. If waves of atomic displacements are 
superimposed in or near these places, then, in the presence of an external magnetic field, under such conditions, forced 
magnetostriction is able to affect the fields of elastic forces in the crystal lattice and lower the energy barrier for the 
formation of a critical martensite nucleus. 

The experimental results indicate the existence of magnetic heterogeneity in the state of y-phase, whose degree affects 
the running of the martensitic transformation. The imposition of a constant magnetic field under quench cooling enhances 
the existing magnetic inhomogeneity in austenite. Near point M,, the phenomenon of lattice instability in combination 
with magnetostrictive effects from the field initiates the appearance of stress martensite crystals. Thus, the effect of 
intensification of martensitic transformation under hardening in a magnetic field with a strength of 1-2 MA/m can be 
explained, which is of great importance for the practice of heat treatment of steel. 

The research results showed the following. Exposure to a magnetic field under quench cooling made it possible to 
achieve greater completeness of the martensitic reaction, reducing the amount of residual austenite, whereas the early 
formation of stress martensite provided its longer presence in the area of elevated temperatures, which contributed to the 
flow of tempering processes directly under hardening. 
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